Sixty Bacillus subtilis strains were investigated for their ability to produce cyclic lipopeptides (CLPs). Among them, B. subtilis NBRC 109107 produced at least three types of CLPs by high-performance liquid chromatography (HPLC) analysis, and these CLPs were thought to be surfactin, iturin A, and fengycin by polymerase chain reaction amplification of respective CLP synthetase-encoding genes. However, after HPLC fractionation and purification, structural analysis of the CLPs revealed that these were surfactin homologues, iturin A, and unknown CLPs, whose surface-tension-lowering activities were 29.4, 56.7, and 48.6 mN/m, respectively. By contrast, fengycin was not detected.
INTRODUCTION
Biosurfactants BSs are amphiphilic and surface-active compounds that can be produced by a variety of microorganisms from renewable resources and that have some advantages over chemically synthesized surfactants 1 3 . Microbial cyclic lipopeptides CLPs are one of the five major classes of BSs, and they have received a lot attention from industries due to their excellent interfacial and biological activities, and their environmentally friendly characteristics 4, 5 . In particular, surfactin is of interest because it is the most common CLP produced by the genus Bacillus 6 .
Surfactin can reduce the surface tension of an aqueous solution from 72 to 27 mN/m at concentrations to the order of 10 5 M 6 , indicating that it is one of the most powerful BSs so far. In addition, surfactin is reported to exhibit biological activities such as antiviral 7 , antifungal 8 , antitumor 9 , and hemolytic 10 properties. Surfactin is known to act as an ionophore, wherein alkali metal ions can be trapped in the cyclic peptide 11 13 . Recently, Taira et al. demonstrated the specific interaction between surfactin and cesium ion Cs and succeeded in highly efficient removal of Cs from water using giant micelles as a natural sorbent 14 .
In addition to surfactins, the well-known families of CLPs are the iturins 15, 16 and the fengicins 17, 18 . Other CLPs such as kurstarkin have also identified 19 . Both iturins and fengycins are known to have antifungal activities, and fengycin more strongly inhibits the growth of filamentous fungi 20 ; however, little is known about the interfacial properties of these CLPs, especially fengycins.
Singh et al. investigated the carbon-source-dependent surface tension reduction by Bacillus amylofaciens strain AR2. The surface tension of culture media was in the range of 30-37 mN/m depending on the types of carbon sources 21 . Matrix-assisted laser desorption ionization timeof-flight mass spectrometry MALDI-TOF-MS analysis revealed the presence of two prominent and separate peaks corresponding to the iturins and the fengycins when sucrose, dextrose, or glycerol was used as a carbon source, but only the presence of iturins was identified when maltose, lactose, or sorbitol was used as a carbon source 21 . However, the surface-tension-lowering activity of CLPs extracted and purified from culture media have not been determined.
In contrast to surfactin, which contains seven amino acid residues and a β-hydroxy fatty acid, iturin is a CLP with a β-amino fatty acid linked by amide bonds to the constituent amino acid residues, and fengycin is a CLP with 10 amino acid residues containing unusual amino acids such as ornithine and allo-threonine. Considering these structural differences, the comparative studies of interfacial properties between surfactin and other CLPs will be important for expanding a variety of CLP surfactants.
The goal of this study was to investigate interfacial properties of CLPs other than the surfactins. First, we screened a B. subtilis strain, producing multiple types of CLPs including surfactin, and then we separated each CLP by high-performance liquid chromatography HPLC . We also detected gene fragments for CLP synthesis in the selected strain by polymerase chain reaction PCR .
EXPERIMENTAL 2.1 Materials
All reagents and solvents were of the highest purity commercially available. Authentic surfactin sodium salt was kindly supplied by Kaneka Corporation, Japan.
Apparatus
HPLC analysis of CLPs was performed by gradient elution with a Shimadzu LC-MS 2020 system Shimadzu, Otsu, Japan equipped with a SOURCE TM 15RPC 4.6 100 mm, GE Healthcare, Buckinghamshire, UK . The mobile phase, composed of solvent A acetonitrile:water 80:20 containing 0.4 v/v acetic acid and solvent B acetonitrile: water 20:80 containing 0.4 v/v acetic acid , was used at a flow rate of 1.0 mL/min, and the column was kept at 30 during analysis. The samples were detected and quantified at 210 nm using a UV detector.
MALDI-TOF-MS analysis was carried out with autoflex speed TOF/TOF Bruker Daltonics, Inc. , and synaptic acid was used as the matrix. The instrument was operated in reflector positive-ion RP mode employing a mass range of 400-3,000 m/z. One μL of fractionated and concentrated CLP solutions was spotted on top of 1 μL of saturated matrix solution acetonitrile:water 1:1 over the MALDI plate using a droplet spotting method to ensure that mixing occurs within the drop.
The surface tension of the aqueous solution was determined by the Wilhelmy plate method at 25 using a DY-500 surface tension meter Kyowa Kaimen Kagaku Co., Niiza, Japan , and its accuracy was intermittently checked using ultrapure water.
Bacterial strains, media, and cultivation
Sixty B. subtilis strains were obtained from the National Institute of Technology and Evaluation NITE of Japan. 
PCR ampli cation of the synthetic genes for CLPs
Total DNA was isolated from B. subtilis NBRC 109107 grown on 702 medium according to standard protocols 22 . Using total DNA from the strain as a template, the non-ribosomal peptide synthase-encoding genes were amplified by PCR with the forward and reverse primer sets SrfA-AF 5 -ACACAGATATCAGGCAAGC-3 and SrfA-AR 5 -GTCCCATCGTTCCTTCACA-3 for srfAA surfactin, 908 bp PCR product 23 , LocDF 5 -TCAGGTACCAACGATGAA-CA-3 and LocDR 5 -TTGTCCATTACAGCTACGGT-3 for locD locillomycin, 812 bp PCR product 23 , FenAF 5 -GTCTTGATGGTGCAGTCAGA-3 and FenAR 5 -CTG-GACCTGTTTGTCTTTGT-3 for fenA fengycin, 729 bp PCR product 23 , ITUP1-F 5 -AGCTTAGGGAACAATTGT-CATCGGGGCTTC-3 and ITUP1-R 5 -AAGGAGGTGATC-CAGCCGCCG-3 for the intergenic region between ituA and ituB iturin A, 2003 bp PCR product 24 , LchAAF 5 -ACTGAAGCGATTCGCAAGTT-3 and LchAAR 5 -TC-GCTTCATATTGTGCGTTC-3 for lchAA lichenysin, 472 bp PCR product 25 . PCR reactions were performed using Premix Taq TM Takara Shuzo, Kyoto, Japan as recommended by the manufacturer, and the PCR conditions were as described previously 26 .
Production, separation, and characterization of CLPs
For large-scale production of CLPs for separation and subsequent characterization, B. subtilis NBRC 109107 was grown in a 5-L jar fermenter Model MDL; B.E. Marubishi . Jar fermenter experiments were performed as follows: the strain was pre-cultivated for 24 h in test tubes containing 5 mL of 702 medium 30 , 200 rpm . The cultures six test tubes, 30 mL in total were transferred to a 5-L jar fermenter containing 3 L of the same medium, and cultivated for another 24 h. The aeration rate was set to 1.0 volume of air per volume of medium per minute vvm , and the agitation speed was set to 300 rpm. The temperature was maintained at 37 1 . The jar experiments were repeated 10 times to obtain the CPLs.
After removing the B. subtilis cells by centrifugation, the supernatant was adjusted to pH 2.0 with concentrated HCl until the supernatant produced a precipitate. The supernatant was then centrifuged at 8,000 rpm for 5 min, and the precipitate was corrected and extracted with ethyl acetate. The ethyl acetate extracts derived from respective jar experiments were combined, reconstituted, and concentrated in vacuo, yielding a brownish residue, which was further purified and fractionated by HPLC after being dissolved in an appropriate amount of methanol.
After the acetonitrile in the HPLC-eluted fraction collections evaporated, the resultant CLP-containing aqueous solutions were further concentrated in vacuo. The obtained samples were used for measuring the CLP concentration by HPLC and mass spectra with MALDI-TOF-MS. To investigate surface property of the CLP sodium salts, the surface-tension-lowering activities of the samples were determined by interfacial tensiometer after neutralization with 1M NaOH.
Amino acid analysis
The CLP sample was hydrolyzed with 6 M HCl at 100 for 18 h. The amino acids were treated with phenyl isothiocyanate PTC to provide phenyl thiohydantoin derivatives. The resultant amino acid derivatives were analyzed by HPLC with a Shimadzu LC-MS 2020 system Shimadzu, Otsu, Japan equipped with a Wakopack® Wakosil-PTC 4 200 mm, Wako Pure Chemical Industry, Osaka, Japan . The mobile phase, composed of solvent A PTC-Amino acids Mobile Phase A, Wako Pure Chemical Industry and solvent B PTC-Amino acids Mobile Phase B, Wako Pure Chemical Industry , was used at a flow rate of 1.0 mL/min, and the column was kept at 40 during analysis. The samples were detected and quantified at 254 nm using a UV detector. The retention times of respective peaks in the sample were compared with that of PTC-treated Amino Acids Standard Solution Type H Wako Pure Chemical Industry .
RESULTS AND DISCUSSION
3.1 Screening of Bacillus subtilis strains producing multiple types of CLP In the first screening, 60 B. subtilis strains were examined for their ability to produce CLPs using 702 medium. As the medium was not necessarily suitable for all strains, the amounts of CLPs analyzed by HPLC were only traceable or not detected in 39 strains.
The other strains yielded at least one CLP from three main peak regions, as shown in Fig. 1 CLP-I , CLP-II, and CLP-III . Among the remaining 21 strains, 13 strains gave one peak region: four strains NBRC numbers 14413, 14414, 14415, and 14418 in the CLP-I peak region, one strain NBRC 101245 in the CLP-II peak region, and eight strains NBRC numbers 14132, 14133, 14412, 16449, 104468, 101239, 101247, and 101584 in the CLP-III peak region. In addition, two peak regions of both CLP-II and CLP-III were confirmed in seven strains NBRC numbers: 13719, 104440, 104443, 104449, 104463, 101246, and 101590 . By contrast, all three peak regions were detected in strain NBRC 109107 Fig. 1 . Therefore, strain NBRC 109107 was used for further analysis.
The carbon source is known to be an important factor influencing microbial BSs production. Not only was the CLP yield affected, but the CLP types were also affected by media components including the carbon source 21, 27, 28 . Considering the finding that B. amylofaciens AR2 produced both the iturins and the fengycins when sucrose, dextrose, or glycerol was used as a carbon source, but only produced the iturins when maltose, lactose, or sorbitol was used 21 , we expect that different CLP production results would be obtained if media other than the 702 medium were used in the first screening.
Detection of the presence of CLP synthetase-encod-
ing genes in the B. subtilis NBRC 109107 genome To predict the types of CLPs produced by strain NBRC 109107, the presence of the first structural genes of the surfactin A synthetase operon srfAA , the locillomycin synthetase operon locD , the fengycin synthetase operon fenA , the iturin A synthetase operon intergenic region between ituA and ituB , and the lichenysin synthetase operon lchAA was investigated by PCR. The designed DNA regions within srfAA, fenA, and ituA-B were amplified, but locD and lchAA were not. There are many reports of B. subtilis strains producing surfactin, fengycin, and iturin together, so the detection of these three genes in one strain is understandable. Hence, these three peak regions were thought to be surfactin, iturin A, and fengycin by PCR analysis.
3.3 Separation and structure analysis of CLPs produced by B. subtilis NBRC 109107 For separation and subsequent characterization, enough CLP needed to be collected. The 5-L jar fermenter experiments were repeated 10 times, and the CLP-containing extracts from culture were mixed and concentrated. The resultant CLPs were separated and purified by HPLC Fig. 1 . After fractionation of CLP-I, II, and III, each fraction was concentrated, and their concentrations were measured by HPLC. The resultant concentrations for CLP-I, II, and III were 0.12, 0.08, and 1.84 g/L, respectively, by comparing their peak areas with that of 1 g/L authentic surfactin. Then, the CLPs were analyzed by MALDI-TOF-MS Table  1 .
A MALDI-TOF-MS spectral analysis showed that CLP-III contained several molecules having m/z 1053, 1039, 1035, 1025, 1021, and 1007 Table 1 . Since authentic surfactin showed its HPLC peaks in the CLP-III region, these spectra were putative surfactin homologues. The spectra of the major molecules M observed at m/z 1035, 1021, and 1007 corresponded to those of the authentic surfactin. The differences in mass of 14 Da CH 2 suggested a series of homologues having C 15 , C 14 , and C 13 β-hydroxy fatty acids. Microbial CLPs sometimes contain small amounts of their linear form, in which the lactone ring is cleaved to form a linear conformation 29, 30 . The results suggested that the surfactin homologues gained a mass of 18 Da by hydrolysis of the lactone ring; therefore, the linear molecules observed at m/z 1053, 1039, and 1025 were derived from surfactin.
The MALDI-TOF-MS spectra of CLP-I observed at m/z 1058, 1044, and 1030 were putative iturin homologues because the spectrum of the major M observed at m/z 1058 was the same as the spectrum reported for iturin A C 15 29 . These spectra revealed a difference in mass of 14
Da, suggesting a series of homologues having C 14 and C 13 fatty acids. The amino acid compositions of CLP-I was analyzed by HPLC after PTC-derivatization of CLP-I hydrolysate. CLP-I contained Asx, Pro, Ser, Tyr, and Glx in a molar ratio of 3:1:1:1:1 Fig. 2 , which are the same sequences of iturin A in previous reports 29, 31 . Surfactin class (linear form) with C 15 , C 14 , and C 13 β-hydroxy fatty acid a The concentrations of CLPs in CLP-I to CLP-III regions used for evaluating surface-tension-lowering activity were measured by comparing their peak areas from HPLC with that of authentic surfactin. By contrast, the spectra of CLP-II exhibited the major M at m/z 1073 and 1043. However, the spectra of CLP-II were different from the data that were previously reported for fengycin 32 , and the compounds could not be identified based on the MALDI-TOF-MS analysis alone. According to the results of the PCR, strain NBRC 109107 should produce the fengycin homologues. This is probably due to unsuitable medium composition or deletion of subunit genes other than fenA.
Surface-tension-lowering activities of the CLPs
After CLP-I, II, and III were further concentrated and neutralized with NaOH to form their sodium salt, the concentrations of each CLP sample were determined again by comparing their peak areas from HPLC with that of authentic surfactin Table 1 . The surface tension of respective CLPs in water was evaluated by the Wilhelmy plate method, and the decrease in the surface tension was observed in respective groups Table 1 .
The surface tension of CLP-III at 1.3 10 3 M above the CMC was 29.4 mN/m. This value was expected because CLP-III is a surfactin homolog, whose surface tension in an aqueous solution at a concentration on the order of 10 5 M is 27 mN/m 6 .
By contrast, the surface tension of CLP-I at 3.1 10 3 M above the CMC 33 was 56.7 mN/m. This value was expected because the surface tension in an aqueous solution was reduced from 72 to around 52 mN/m by iturin A 34 . Although the compounds have not been identified, the surface tension of CLP-II at 3.5 10 3 M was 48.6 mN/m, which is superior to that of iturin A.
CONCLUSION
Among sixty tested strains, we found that Bacillus subtilis NBRC 109107 produced multiple types of CLPs in our screening medium. Although the exact amounts of each CLP in the batch culture is unknown, strain NBRC 109107 produced surfactin homologues, iturin A, and unknown compounds showing surface-tension-lowering activity. To clarify the structure of the unknown CLP and the reason that the strain did not produce fengycin, the draft genome analysis of B. subtilis NBRC 109107 is now underway.
